Background--Heterozygous familial hypercholesterolemia increases the risk of adverse cardiovascular events. Whether affected relatives of probands are at increased risk remains unknown. We aimed to evaluate the long-term cardiovascular risk in heterozygous familial hypercholesterolemia relatives with a low-density lipoprotein receptor (LDLR) mutation who were all recommended statin therapy.
H eterozygous familial hypercholesterolemia (heFH) is a common genetic disorder that, if untreated, is associated with a substantially increased risk of cardiovascular disease. 1, 2 The disease in its classic form is caused by lowdensity lipoprotein receptor (LDLR) mutations that are inherited in an autosomal-dominant pattern and affects at least 1 in 250 people. 3, 4 Deleterious LDLR mutations result in decreased clearance of low-density lipoprotein cholesterol (LDL-C) from plasma and a subsequently elevated level of LDL-C. 5 Prior to the introduction of statins in the early 1990s, the risk of premature coronary artery disease (CAD) among patients with clinically diagnosed heFH was substantially elevated. 6, 7 Although still at increased risk, studies have demonstrated that statins have substantially reduced this disease burden. [7] [8] [9] [10] Such studies, however, have focused primarily on heFH patients attending lipid clinics. The risk in these patients may not reflect the true risk of persons with an LDLR mutation because FH is widely underdiagnosed, 11 and patients may not be referred to lipid clinics unless LDL-C levels are very high or cardiovascular events have occurred-factors that may greatly influence the cardiovascular prognosis. Furthermore, screening of family members, even in lipid clinics, is often incomplete, making them underrepresented in such studies. 12 Consequently, we aimed to evaluate the long-term cardiovascular risk in mutation-carrying heFH relatives recommended statin therapy compared with non-mutation-carrying heFH relatives and the general population.
Methods and Materials Study Design and Cohorts
We conducted a cohort study of families with heFH identified between 1992 and 1994 through cascade screening. Patients (probands) with prevalent clinical FH in 1992 or new diagnoses of clinical FH during 1992-1993 were identified at the former Aarhus County Hospital Lipid Clinic (now Aarhus University Hospital). Clinical FH was defined as (1) a plasma level of total cholesterol >8.0 mmol/L (308.9 mg/dL), (2) LDL-C >6.0 mmol/L (231.7 mg/dL; if available), (3) the presence of tendinous xanthomata in the patient or in a firstdegree relative, and (4) a family history of hypercholesterolemia. Probands identified were offered genetic testing as part of genetic studies on LDLR mutations. 13 When an LDLR mutation consistent with a diagnosis of heFH was found, cascade screening of family members was performed. The mutation was followed as far as possible in the respective family pedigrees, thereby identifying mutation-carrying and noncarrying heFH relatives. These relatives made up the study cohort. None of the included heFH probands carried the apolipoprotein B R3500Q mutation causing familial-defective apolipoprotein B.
On study participation, a fasting blood sample was drawn from all participants. Pretreatment levels of total cholesterol, highdensity lipoprotein cholesterol, and triglycerides were measured, and LDL-C was calculated according to the Friedewald formula. 14 Following the guidelines at that time, lipid-lowering treatment with statins was recommended to all mutation-carrying heFH participants at inclusion. Available statins at the time of initiation were lovastatin, pravastatin, and simvastatin.
A population-based comparison cohort from the general population was matched (10:1) to the family members by birth year and sex using the Danish Civil Registration System. 15 Controls were alive at the date the relative entered the database. Participants with heFH and controls with any outcome of interest (see below) registered before the date of inclusion were excluded.
Registries
In Denmark, the tax-supported healthcare system provides free unlimited access to public hospitals. This ensures registration of all hospital contacts. Linkage between Danish registries is possible using the Civil Personal Registration number, a unique identification number assigned to all Danish residents at birth or immigration. 15 We were able to extract individual medical records on the heFH families and the control cohort from the Danish National Patient Registry (DNPR) and thereby to identify cardiovascular events. 16 The 
Clinical Perspective
What Is New?
• Heterozygous familial hypercholesterolemia relatives with LDLR mutation had an increased long-term risk of adverse cardiovascular events despite being in a statin era.
What Are the Clinical Implications?
• Our results support the importance of cascade screening and aggressive lipid-lowering therapy in families with familial hypercholesterolemia.
participant was followed from the individual date of inclusion to the date of first event, migration, death, or December 31, 2014, whichever came first. A median follow-up time was computed from age at inclusion. We computed 20-year cumulative incidence proportions of all individual outcomes (for nonfatal events, we considered death as a competing risk). 18 The risk of the primary end point was graphically illustrated by the cumulative incidence function using the Kaplan-Meier estimator. We used Cox proportional hazards regression models to compute crude and adjusted hazard ratios (HRs), with 95% confidence intervals (CIs), comparing the rate of the primary end point in the 2 groups of relatives (mutation-carrying and noncarrying heFH relatives) with a general population cohort as the reference. Furthermore, we compared the HR of the primary end point between the 2 groups of relatives. In the regression analyses, the estimates were adjusted for birthyear categories, and robust variance estimation was used to account for possible clustering effects within families. The proportional hazards assumptions were graphically assessed using log-log plots and were not found to be violated.
Finally, we evaluated the prevalence of primary statin prevention in the cohort after 2004 (when prescription data were available) by restricting to patients who were alive and without a cardiovascular event prior to January 1, 2004. In the same subcohort, we calculated the proportion of time in treatment as the number of statin tablets reimbursed during follow-up after January 1, 2004, divided by the follow-up time in days in the same period for each patient.
All statistical analyses were performed using Stata software (StataSE v13.1). Because follow-up did not involve contact with patients or any intervention, patient consent and approval from an ethics committee was not required in Denmark. The study was approved by the Danish Data Protection Agency (record no. 2007-58-0010) and the Central Denmark Region (record no. 1-16-02-72-15).
Results
We included 220 relatives from 32 families and 2199 controls from the general population. Figure 1 shows the selection of study participants. The median age among relatives was 37 years (IQR: 27-52 years); 102 (46%) were men, and 118 (54%) had a deleterious LDLR mutation (Table 1) . Median duration of follow-up was 21 years (IQR: 18-22 years), and total person-time at risk was 46 178 years. When evaluating the descriptive data on the use of statins, of the 92 mutationcarrying heFH relatives still at risk of a first-time event on January 1, 2004, 82 (89%) received statin treatment during their subsequent follow-up period. The median proportion of time in treatment was 77% (IQR: 33-99%). At baseline, however, none of the relatives were taking lipid-lowering medications. The cumulative incidence function of the primary end point is shown in Figure 2 . Mutation-carrying heFH relatives had an increased 20-year risk of both coronary events and cardiovascular events overall compared with the non-mutationcarrying relatives and the general population cohort ( Table 2 ).
The risk of the primary end point was higher in mutationcarrying heFH relatives compared with the general population (adjusted HR: 1.65; 95% CI, 1.17-2.33; Table 3 ). This was not the case in relatives without a mutation (adjusted HR: 0.85; 95% CI, 0.56-1.29). Accordingly, the risk in mutation-carrying heFH relatives compared with noncarrying relatives was increased (adjusted HR: 1.94; 95% CI, 1.14-3.31). Examining the individual outcomes separately, the risks were higher in mutation-carrying heFH relatives compared with the general population for AMI (adjusted HR: 3.14; 95% CI, 1.78-5.55), transient ischemic attack (adjusted HR: 4.38; 95% CI, 1.95-9.84), PCI (adjusted HR: 4.78; 95% CI, 2.49-9.18) and CABG (adjusted HR: 13.8; 95% CI, 7.14-26.7). Risk of both coronary events and cardiovascular events were increased accordingly (Table 3) . We observed no difference in any of the secondary outcomes among the noncarrying relatives compared with the general population cohort except for an elevated risk of coronary events. This was exclusively driven by cardiac revascularization procedures but not AMI (data not shown). When comparing the 2 groups of relatives, only risk of coronary events, cardiovascular events, and CABG was elevated; however, a low number of events rendered separate outcome analyses inconclusive. We did not observe increased all-cause mortality in any of the groups of heFH relatives compared with the general population cohort.
Discussion
In this long-term follow-up study of relatives with moleculargenetic verified heFH who were recommended statin therapy from the time of diagnosis, we observed an elevated risk of adverse cardiovascular events in mutation-carrying relatives compared with the general population. The risk was driven by an increased risk of coronary events, whereas the mortality in heFH relatives was not substantially different from that of the general population. In 1974, Stone et al reported a significantly elevated cardiovascular risk in relatives of patients with clinically diagnosed heFH compared with healthy relatives. 6 The cumulative incidence proportions of fatal and nonfatal CAD at 60 years were 52% and 32% in mutation-carrying male and female participants, respectively. At that time, technology did not allow for information on mutation status, and the definition of the outcomes relied largely on symptoms and ECG findings, which may complicate direct comparisons with our findings. The much-lower cumulative incidence proportions in the present study, however, may indicate muchimproved lipid-lowering treatment in later years and a markedly improved prognosis for mutation-carrying relatives over time.
The risk of cardiovascular disease in heFH patients from lipid clinics has been investigated previously. 8 A prospective Dutch study followed 261 FH patients from 1990 and found a 8.7 times higher risk of AMI in untreated heFH patients compared with the general population. In contrast, it was not certain whether the risk of AMI was increased in heFH patients receiving primary preventive statin treatment (HR: Cumulative incidence results for transient ischemic attack and peripheral artery disease have been removed given cell sizes of <4 events and thus to reduce identifiability of individuals in data. AMI indicates acute myocardial infarction; CABG, coronary artery bypass grafting; CI, confidence interval; heFH, heterozygous familial hypercholesterolemia; PAD, peripheral artery disease; PCI, percutaneous coronary intervention; TIA, transient ischemic attack. *All estimates are crude but accounted for death as a competing risk. † Included AMI, PCI and CABG. ‡ Included AMI, stroke, transient ischemic attack, peripheral artery disease, PCI, and CABG.
1.44; 95% CI, 0.80-2.60). 8 The continuing excess risk, even among treated mutation-carrying heFH relatives, seems to be confirmed in the present study.
Despite an increased risk of cardiovascular events, we did not observe an increase in all-cause mortality among mutation-carrying heFH relatives. This is in contrast to a Dutch study of 214 heFH patients from lipid clinics in primary prevention therapy with statins. That study observed an overall 2.6-fold increased mortality from CAD compared with the general population that was markedly higher (7.6-fold increased risk) in younger patients aged 40 to 59 years. 19 A larger study, however, included 2582 heFH patients free of CAD and attending lipid clinics in the United Kingdom. 7 The authors found a 48% reduction in CAD mortality in the period after the introduction of statins (after 1992) compared with before. This resulted in all-cause mortality that was actually lower than that of the general population. Although cardiovascular morbidity was not addressed, the findings of lower mortality among heFH patients in lipid clinics are consistent with those observed among mutation-carrying heFH relatives in the present study. It is conceivable that the absence of increased mortality in mutation-carrying heFH relatives can be explained by statin therapy and the overall improvements in CAD treatment, but it might simply be due to chance, as the number of deaths in the cohort was relatively low. Our analyses of prescription data suggest a high degree of statin use in relatives with heFH. Nevertheless, these patients still display an elevated risk of cardiovascular disease compared with the general Danish population. A possible explanation could be not reaching guideline-based LDL-C targets. A Norwegian study found that >50% of patients diagnosed with an LDLR mutation or familial-defective apolipoprotein B-100 were considered inadequately treated despite 82% being on lipid-lowering medication. 20 Another likely explanation may relate to the lifelong burden of high LDL-C. Even though heFH patients are treated with statins from adulthood and may reach normal LDL-C levels from statin-treatment initiation, several years of exposure to high cholesterol levels may lead to increased cardiovascular disease risk. This hypothesis is supported by observations from genetic studies in which polymorphisms causing modestly lower LDL-C levels confer a CAD risk reduction that is markedly higher than similar LDL-C reductions obtained in randomized controlled trials of statins. 21 This result is likely caused by a lifelong lower LDL-C level obtained by such polymorphisms as opposed to the short period of a lower LDL-C level obtained in statin trials. In addition, randomized trials in children with heFH suggest that very early initiation of statin treatment leads to regression of carotid atherosclerosis, a marker of increased cardiovascular risk. 22, 23 Whether heFH relatives treated with statins from early childhood would obtain a cardiovascular risk similar to that of the general population remains unanswered.
Strengths and Limitations
The main strengths of our study include the genetically verified heFH diagnoses and the almost complete follow-up for cardiovascular events and death over a period of >20 years. The validity of the diagnosis codes used in our study is generally high, and the positive predictive values of the diagnoses in DNPR have been estimated at %97% for AMI,
24
97% for ischemic stroke, 25 69% for transient ischemic attack, 25 91% for peripheral artery disease, 24 98% for PCI, 26 and 96% for CABG. 26 By collecting data from independent medical registries, we avoided reliance on self-reporting. Some limitations deserve mention. The sample size of the relatives was relatively small, reducing the precision of estimates of secondary outcomes. We did not have data on redeemed prescriptions before 2004 and thus could not identify ongoing statin treatment before 2004; therefore, we may have overestimated the prevalence of primary statin prevention because relatives with cardiovascular events before 2004, on average, may be less compliant than those alive and without events in 2004. Prescription data were included as descriptive numbers only and not as a covariable in consideration of immortal time bias. 27 We did not possess information on cardiovascular risk factors such as blood pressure, smoking habits, or other lifestyle factors. Because mutation-carrying heFH relatives were informed of their carrier status, such individuals might potentially adhere to a healthier lifestyle because of the awareness of increased cardiovascular risk. This would bias our results toward underestimation of the true effect of carrying an LDLR mutation. 28 In addition, we did not measure LDL-C levels during follow-up; therefore, we do not know whether LDL-C targets were actually achieved.
Conclusion
HeFH relatives with LDLR mutations had an increased longterm risk of adverse cardiovascular events.
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